There is a marked difference in the growth habits of ZnO crystals grown from ZnSe and ZnS starting materials. Since selenium has a higher boiling point than sulfur and the reaction takes place at lower temperatures when the crystals are grown from ZnSe, the selenium may interact with the growing surface. This may be a cause for residual strain in the ZnO crystals grown from ZnSe starting material. The residual strain is observed as spin splittings of the donor-bound exciton transitions. A fourfold splitting is observed due to a combination of strain and spin exchange. ͓S0163-1829͑97͒08845-0͔
INTRODUCTION
Crystals of ZnO have been grown from the vapor phase using ZnS and ZnSe as the starting materials. The compounds of zinc are heated to sublimation temperature in a flow of argon gas. When the sublimation temperature is reached, oxygen is introduced into the system. The growth habit for ZnO crystals grown by the reaction of ZnSe with oxygen differs from of that ZnO crystals grown from ZnS.
The crystal morphology of ZnO crystals grown from ZnSe resembles in many respects the crystal morphology reported for ice crystals. 1 In the case of ice crystals the variation in crystal habit can be attributed to the surface property. This makes the surface diffusion of molecules on the growing face a major factor in determining the crystal habit. This will be strongly influenced by adsorption of impurities on the surface. Considering a ͑0001͒ growing surface in a region of moderate supersaturation, molecules arriving at the surface may be incorporated into the surface or migrate over the surface to the edges and be incorporated into the prism faces. It was shown in Ref. 1 that x s ͑the mean distance a molecule will wander over the surface of the crystal between the time it strikes and the time it is incorporated or evaporates͒ varies with prism faces and also with temperature. If, on the ͑0001͒ growing face of ZnO, x s is greater than it is for the prism faces, a platelike crystal habit will develop. Molecules arriving on the growing surface will migrate to the prism faces before being incorporated into the lattice. This results in a net transfer of material to the prism faces resulting in a platetype habit with the c axis normal to the plane of the plate. When the crystal dimensions exceed x s the growth is then controlled by the diffusion field. By this time the crystal habit has been established and the diffusion field adjusts to maintain the habit.
The crystal habit for ZnO crystals grown from a ZnS reaction with oxygen is appreciably different from those grown from ZnSe. In the platelet-type crystals grown from ZnS, the c axis is contained in the plane of the plate. The mechanism for CdS platelet growth of this type has been reported by Chikawa and Nakayama 2 and would be expected to apply to ZnO as well. The platelets are of very high crystalline quality, containing a very low density of dislocations.
The different crystal morphologies of ZnO crystals grown from ZnS and ZnSe is also reflected in their optical properties. Specifically, strain-induced splitting of the neutraldonor-bound excitons is observed in the crystals grown from ZnSe, while it is absent in the crystals grown from ZnS. The surface diffusion of molecules on the growing surfaces strongly influences the growth habit. The diffusion process is altered by the absorption of foreign atoms or molecules on the surface. Since selenium has a higher boiling point than sulfur and the reaction takes place at lower temperatures when crystals are grown from ZnSe than is the case for ZnS, the selenium may interact with the growing surface and some may be incorporated in the ZnO lattice. The incorporated selenium may reside on lattice sites or in interstitial positions. This local defect structure has the potential for producing local strains and also for producing strains in specific crystallographic directions.
At the higher temperature, where the reaction occurs when ZnS is used as the starting material, there is probably little interaction of the sulfur with the growing ZnO surface. This would account for the absence of stress-induced spin splitting in these crystals.
EXPERIMENTAL DETAILS
The details of the growth of the ZnO crystals used in this experiment were described previously. 3 The photoluminescence ͑PL͒ measurements were made at 2 K with the sample immersed in liquid He. The spectra were analyzed with a high-resolution, 4-m spectrometer equipped with an RCA C31034A photomultiplier tube for detection. First-order spectra showed no strain splitting in ZnO crystals grown from either ZnS or ZnSe starting materials. However, in second order, strain splitting was observed in ZnO crystals grown from ZnSe starting material but was not observed in ZnO crystals grown from ZnS starting material. The PL spectra were excited with the 3250 Å line from a HeCd laser.
EXPERIMENTAL RESULTS AND DISCUSSION
The splitting of the exciton lines in wurtzite crystals when exposed to an applied stress having a particular orientation with respect to the crystallographic axes was reported by Koda and Langer. 4 In the case of wurtzite crystals all of the orbital degeneracies of the valence band are lifted by the trigonal crystal field and spin-orbit interaction. The above phenomena could not be explained by the one-electron band scheme and deformation potential theory. A theoretical interpretation was provided by Akimoto and Hasegawa. 5 They found that the combined effects of stress and the electronhole exchange interaction in a quasicubic model were able to predict the splitting and polarization pattern of the free exciton. These studies were extended to several other materials by Langer et al. 6 The stress effects on excitons bound to shallow acceptors in zinc-blende materials were later investigated. 7, 8 This is a report of spin splitting due to stress in donor-bound excitons.
The donor-bound exciton (D 0 ,X) transitions for two different ZnO crystals are shown in Fig. 1 . The solid line shows the transition from a crystal grown from ZnS starting material, while the dashed line shows the transition from a ZnO crystal grown from ZnSe starting material. Both transitions were recorded in first order. The same spectra, but in second order, are shown in Fig. 2 . The solid curve is for the sample grown from ZnS, the dashed curve is for the sample grown from ZnSe. This illustrates the advantage of second-order spectra in resolving spectral features. The resolving power R of a grating is defined as the minimum separation of two spectral features for which they appear distinct. The resolving power is expressed as
where n is the grating order and N is the number of ruled lines. The expression shows that the resolving power is increased by a factor of 2 in second order. Spin splitting is clearly resolved in the dashed curve, which results from the combined effects of stress and the exchange interaction. The D 0 ,X transition is shown schematically in Fig. 3 . In the upper state the two electron spins pair to give a bonding state. When the exciton collapses, the final state is the neutral donor, either in ground state or an excited state. Considering electron-hole exchange interaction for the exciton in the upper state, the electron and hole spins will pair. The electron and hole spins are diagrammatically depicted in Fig. 3 . In  Fig. 3͑a͒ , the hole spin associated with the exciton is up ↑2; the electron spin associated with the exciton is down ↓1. Therefore, the electron spin associated with the donor will be up ↑3. If the exciton collapses from this spin configuration, the final state will have an electron spin that is up ↑3. When the spins exchange as in Fig. 3͑b͒ , spin 2 will be down ↓2; spin 1 will be up ↑1. Therefore, spin 3 will be down ↓3. When the exciton collapses from this spin configuration, the final state will have an electron spin that is down ↓3. This results in a stress splitting of both the initial and final state of the transition. The splitting of the ground state shown in Fig.  3 can be explained by using the theory outlined in Ref. 6 . If one takes the electron spin of the donor-bound electron being aligned or antialigned to that of the charge cloud of the donor, there is a strain matrix element which splits into two states. In the case of the wurtzite lattice, the magnitude of the splitting will also be directionally dependent. Thus one expects a different magnitude of splitting due to the orientation of the strain field.
Therefore, one would expect to observe a fourfold spin splitting due to stress. Three lines are clearly observed and when an external magnetic field is applied, a further splitting of the high intensity transition is observed. In the absence of a magnetic field, these two transitions have essentially the same energy. This is shown in Fig. 4 where the dashed curve shows the transitions in zero magnetic field, while the solid curve shows the transitions in an applied field of 36 kG. These are the spin-conserving transitions and will have higher intensity than the spin-flip transitions.
In this growth habit the c axis is normal to the plane of the plate and the magnetic-field direction in our system is therefore normal to the c axis of the crystal. The hole g value goes as (g h ϭg hʈ cos), where is the angle between the c axis of the crystal and the magnetic-field direction. In this case ϭ90°; therefore, the hole g value in the initial state, shown in Fig. 3 , will go to zero. The electron in the final state has an isotropic g value and the observed splittings, due to the applied magnetic field, are due to electron-spin splitting.
Another ZnO crystal, which was also grown from ZnSe starting material, was investigated. The D 0 ,X transitions from this sample recorded in first order, are shown in Fig. 5 . The high-energy transition is the same D 0 ,X transition as was observed from the sample shown in Fig. 1 . The lower energy D 0 ,X transition is due to another donor. These two transitions when recorded in second order appear as shown in Fig. 6 . The higher-energy transition is essentially a duplicate of the same D 0 ,X transition from the sample shown in Fig. 2 . The lower energy D 0 ,X transition shows a different spin splitting; the two spin-conserving transitions are separated in energy. When an external magnetic field is applied, these two transitions move toward each other as shown in Fig. 7 . The dashed curve shows the zero-field case, while the solid curve was recorded with an applied field of 36 kG. The different behavior of these two D 0 ,X transitions can be understood from the schematic diagram in Fig. 8 . Focusing on Fig. 8͑a͒ , the stress-induced spin splittings of the initial and final state are essentially the same. From this splitting it is seen that the two spin-conserving transitions ͑solid lines͒ have essentially the same energy.
When an external magnetic field is applied, we showed above that the hole g value in the initial state goes to zero, resulting in zero magnetic field splitting of this state. The electron in the final state will show additional spin splitting with applied magnetic field. The additional splitting will result in lower energy for one of the spin-conserving transitions and an increase in energy for the other. This will cause the two spin-conserving transitions that are nearly equal in energy to move apart in energy with applied magnetic field as shown in Fig. 4 .
Turning to Fig. 8͑b͒ , if the initial state has a larger spin splitting than the final state, then one of the spin-conserving transitions will have a larger energy than the other ͑solid lines͒, as seen in Fig. 6 . When an external magnetic field is applied, again there will be no magnetic-field splitting of the initial state but there will be an additional electron-spin splitting in the final state. The higher-energy spin conserving transition will move to lower energy, while the lower energy spin conserving transition will move toward higher energy ͑dashed lines͒. This will result in the two spin conserving transitions moving towards each other in energy as shown in Fig. 7 .
It is believed that the difference in stress-induced spin splitting for the two donor-bound excitons in the second sample is due to the stress being oriented in different crystallographic directions. One would expect the magnitude of the stress-induced spin splitting would be dependent on the crystallographic orientation of the stress.
It was pointed out above that the energy separation of the spin-conserving transitions, shown in Fig. 7 , decreases with applied magnetic field. The total magnetic-field splitting is associated with the electron-spin splitting in the final state as shown in Fig. 8 . From this splitting one can obtain a reasonable g value for the electron. The lines are broader than would be desired for a precise determination. The magneticfield splitting as a function of applied magnetic field is plotted in Fig. 9 . A linear splitting is observed which is extrapolated to zero splitting. This determines the applied field necessary to bring the lines together, which would otherwise be difficult, due to the line width. Using a magnetic field of 44 kG and the measured line separation at zero field, an electron g value g e ϭ1.96 was determined. This agrees quite well with the previously reported electron g value, 1.95, determined from a different donor-bound exciton transition in ZnO. 9 In conclusion a fourfold spin splitting is observed in donor-bound exciton transitions in ZnO crystals grown from ZnSe starting material. This splitting is caused by a combination of strain and spin exchange.
